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Hello friends, welcome to the NPTEL online certification course Retrofitting and
Rehabilitation of Civil Infrastructure. Today, we will discuss module E, the topic for

module E is retrofitting using fiber reinforced polymer composites.
(Refer Slide Time: 00:45)

Recap of Lecture E.12

= Design of Flexural strengthening of structural member
using FRP composite
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In the previous lecture we have discussed the design of flexural strengthening of
structural member using FRP composites. We have discussed a design example for

flexural strengthening of a beam using CFRP composite.

(Refer Slide Time: 01:08)

Concepts Covered

» Design Approach for Shear Strengthening of Structural Members
using FRP Composites
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@ ) IIT Kharagpur | Retrofitting and Rehabilitation of Civil Infrastructure | Module E

Today, we will discuss the design approach for shear strengthening of structural members
using fiber reinforced polymer composites. We have seen in our previous lectures that the
structural members can be strengthened to improve their flexural capacity, to improve

their shear capacity and actual capacity.

So, shear strengthening of structural members like beams are also very important and it is
important to strengthen the structures so that the shear capacity is improved. So, today we
will discuss the design approach for shear strengthening of structural members using FRP

composites.
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Shear Strengthening
* Toincrease the shear resistance of existing concrete members

* Partial or complete wrapping of the members with FRP strips/fabric

* Orienting fibers transverse to the axis of the member or perpendicular to

the potential shear cracks

y
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Shear strengthening is aimed to increase the shear resistance of existing concrete
members and we have seen that several research works have been done to understand the
behavior of the FRP retrofitted members in improving their shear capacity. The shear
capacity can be improved by partial or complete wrapping of the members with FRP
strips or fabrics and there are different patterns have been used, different schemes of FRP
placement have been used by researchers and with that the shear capacity of the members
are increased.

The fibers are oriented transfers to the axis of the member or perpendicular to the

potential shear cracks and that helps in improving the shear capacity of the members.
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Shear Strengthening

Different Wrapping Scheme
with FRP

Completely 3-sided 2 sides
wrapped Uswrap”

Different Wrapping Pattern with FRP ‘_l
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There are different wrapping scheme and wrapping pattern different researchers have
tried and that could be continuous or it could be intermittent or there could be at any
angle. So, there are different wrapping pattern that are possible or different wrapping

scheme around the member.

In the design of a shear strengthening however these have been considered by the
American Concrete Institute guideline. So, for shear strengthening the beam can be either
completely wrapped, as we can see here, either completely wrapped or it is wrapped at its

3 sides or we call it U-wrap, so 3-sided U-wrapping or it could be on 2 sides.

So, the FRP composite can be placed ah on 2 sides of the beam member and in these 3
cases the shear capacity of the member increased significantly. The most effective is the
complete wrapping scheme, next is 3-sided U-wrapping and next is 2-sided wrapping. So,
these are the 3 wrapping schemes that have been considered and the wrapping pattern

may be also 2 or 3 types.

So, it could be FRP is placed perpendicular to the length of the member and it is
intermittently placed. So, this is the width of the FRP strip and they are placed at a
spacing of s, center to center distance between the strips can be there. So, this is the
intermittent placement of the FRP strips and they are placed vertically or perpendicular to



the length of the member, it could be also at some angle as we can see here at an angle of

alpha to the length of the member. So, it could be at an angle also.

In many of the cases the shear cracks that are developed are making an angle of 45
degree, so we can provide the FRP strips perpendicular to the possible shear cracks. So,
FRP can also be placed perpendicular to the possible shear cracks or at some angle of
alpha and it can be placed intermittently or it could be placed continuously, that means
the spacing is the same as the width of the member. So, then it is termed as continuous

wrapping pattern.

Ut could be placed at the shear zone near the support or entire length. So, these are the
different wrapping patterns and wrapping schemes that has been considered in the
American Concrete Guidelines and with these schemes and wrapping pattern the shear

capacity of the beam members is increased significantly.
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Design Approach

Shear Strength of FRP strengthened concrete member
OV = GV + Vs + g Vy)

V. = Shear contribution of concrete
V, = Shear contribution of steel
V; = Shear contribution of FRP
Strength reduction factor for shear, ¢ = 0.75
Additional Reduction Factors for FRP m
Completely wrapped scheme | 1y = 0.95 v
Two and Three sided schemes | 1y = 0.85

@ ) ur Kharagpur | Retrofitting and Rehabilitation of Civil Infrastructure | Module E

So, we will discuss the design approach for shear strengthening of the FRP retrofitted
concrete members. The total shear capacity of the FRP strengthened member is termed as
¢V that is the total shear capacity of the FRP strengthen member and that shear strength

is due to the contribution of the concrete, steel and the FRP.

¢Vn = ¢(Vc+Vs+l,l)fo)



So, V¢ is the shear contribution of the concrete, Vs is the shear contribution of the steel
stirrups and Vi is the shear contribution of the FRP reinforcement, which is applied on the

beam either 3 sided or 2 sided or completely wrapping.

So, this is the total shear capacity of the FRP strengthened concrete member, it is the
summation of the shear contribution of concrete, steel stirrups and the FRP
reinforcement. Now, ¢ is a strength reduction factor as we have seen in case of flexure
also there is a strength reduction factor and for shear also the value is different. So, this
value for ¢ is 0.75, for shear and that has to be considered and the factor vy that is
another strength reduction factor for FRP. And this strength reduction factor has been

considered to take care of the uncertainties in the properties of the FRP.

So, this ¢ here has been taken considering the uncertainties of the FRP and as well as the
different wrapping scheme. So, for the completely wrapped system this iy is equal to
0.95 whereas for 2 sided or 3 sided scheme it is 0.85. So, these are the additional strength
reduction factor for FRP that is to be considered depending on the wrapping scheme.

(Refer Slide Time: 09:04)

Design Approach

Shear contribution of FRP, G Appfre(sina + cosa)dy,
/ 5/
Area of FRP

For rectangular sections, Ay, = 2ntswy

. : m
For circular sections, Apy = 5 MWy

(dy, 1s taken as 0.8 times
the diameter of the section) m
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Now, we need to estimate the shear contribution of the FRP that is the most important
thing what is the contribution of the FRP when it is wrapped either intermittently or
complete wrapping or a 3 sided, 2 sided or at making some angle. So, what is the
contribution of the FRP in the member? So, that is given by this relationship Vs that is the



shear contribution of the FRP, V¢ = Agvf re(Sina+cosa) dfv/sf, A is the area of the FRP,
fre is the stress in the FRP, a is the angle of the FRP strips, ds is the depth of the fiber and

St is the spacing.

So, this relationship gives us the shear contribution of the FRP and this depends on how
much area of FRP we are providing, what is the stress coming on it and what is the
wrapping pattern, whether it is at some angle or not that influences the shear contribution
by the FRP.

The area of FRP for rectangular sections can be obtained as Ay = 2ntfwy, n is the
number of plies, tr is the thickness of the FRP, ws is the width. So, this gives us the area
of the FRP and it is on 2 sides. So, this gives the area of the FRP for rectangular sections,
we can also have circular sections and for that we can use this relationship A = (t/2)

ntrwy.
(Refer Slide Time: 11:15)

Notations

f = Effective stress in the FRP; stress attained at section failure, (MPa)

dy, = Effective depth of FRP shear reinforcement, (mm)

s, = Center-to-center spacing of FRP strips, (mm)

t, = Nominal thickness of one ply of FRP reinforcement, (mm)

w, = Width of FRP reinforcing plies, (mm)

n = Number of plies

¢;, = Effective strain in FRP at failure, (mm/mm) ﬁ

£r, = Design rupture strain of FRP, (mm/mm) \_- /

E, = Tensile modulus of elasticity of FRP, (MPa) ‘l
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So, these are the typical notations that are used for today's lecture, fr is the effective
stress in the FRP and this stress attained at section failure, ds is the effective depth of
FRP shear reinforcement, St is the center to center spacing of the FRP strips that are
shown in the sketch in the previous slide, ts is the thickness of the single ply of FRP, ws is

the width of the FPR reinforcing ply, n is the number of plies, &t is the effective strain in



FRP at failure, &, is the design rupture strain of FRP and Es is the tensile modulus of the

elasticity of FRP. So, these are the standard notations that are used.
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Design Approach
Tensile Stress in FRP, fre = ey

Effective maximum Strain in FRP

For completely wrapped members

Priestiey et al, 1996
£e = 0004 < 075, (rtinSey e e

For 2/3 sided bonded wrapped members (TN

€fe = Kyt < 0,004 n

K, = Bond reduction coefficient for shear | '
\

@ ) ur Kharagpur | Retrofitting and Rehabilitation of Civil Infrastructure | Module E

So, we need to find out the tensile stress in the FRP, we have discussed that what is the
area of FRP and here how we can estimate the tensile stress in the FPR. So, frfe = gfeEf
and we have to find out the maximum strain in the FRP. So, for completely wrapped
system the strain in the FRP that is &fe is restricted as point 0.004 and that should be less

than equal to 0.75¢&r, that is the ultimate strain of FRP.

For completely wrapped system it has been seen from several experiments that we have
also discussed in the previous lectures that for completely wrapped system the failure is
due to rupture of the FRP. So, the predominant mode for the FRP strengthen member

where it is completely wrapped that is due to the rupture of the FRP.

So, the effective strain in case of completely wrapped system is been kept as 0.004 and
that should be less than 0.75 times the ultimate strain in the FRP. So, this is the effective
strain for completely wrapped system and this is by the research works of Priestly et al in
1996 and for 2 and 3 sided bonded members it has been seen that generally the failure is

due to debonding.

So, for the 2 sided wrapped or 3 sided wrapped beam members the failure is mostly due

to debonding. So, here in this case the strain in the FRP has been considered by using the



debonding thing or using the bond reduction coefficient. So, the strain in the FRP has

been estimated as &fe = kvefu < 0.004.

So, generally the 2 sided or 3 sided wrap members fail due to debonding, that is
debonding of the FRP from the concrete substrate. So, a bond reduction coefficient has
been used in case of 2 sided or 3 sided wrapped members. So, these coefficients have
been determined from the several research works by Triantafillou and from that the

expressions have been developed.

(Refer Slide Time: 15:22)

Design Approach
Bond reduction Coefficient, ,, kykoLo i Sl units)
Ky == <0.75 in Sl units
" 11,900¢p,

| 23300 -

Active bond length, L, L= W (in Sl units)
15
(Khalifa et al, 1998)

Where,
k, = Modification factor applied to k, to account for

concrete strength n
k, = Modification factor applied to k, to account -

for wrapping scheme ‘l
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So, the bond reduction coefficient kv is expressed by this relationship kv =
(k1ik2Le)/(11,900€f4) < 0.75. Le is the effective bond length, so for 2 sided or 3 sided
member there is an effective bond length and this is termed as L. or active bond length

and that is expressed by this expression.

So, this relationship gives the effective bond length Le = 23,300/(ntEf)*°® and ki and k2
are the 2 modification factors, ki is the modification factors for the concrete strength and
k> is the modification factor applied to kv to account for the wrapping scheme. So, these 2
are the modification factors that need to be considered while estimating the bond

reduction coefficient k.

(Refer Slide Time: 16:36)



Design Approach

Modification factors k, & k,

2
g f1\3
o (27
d/v =L, -
———,  foru-wraps
dpy ,
dpy = 2L,

d;v
Total Shear Reinforcement ‘ gs .

Vi, +Vy < 0.66yfbyd p
(in Sl units)
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kz =
for 2 — side bonded

So, ki1 can be expressed as ki1 = (fc/27)%® and k: is the modification factor depending on
the wrapping scheme of the FRP. So, there are 2 expressions for the 2 different wrapping
schemes, one is for U-wrapping and another is for 2-sided wrapping. So, ko the first
expression is to be used for U-wraps and the second expression is to be used for 2-sided
wrapping. So, the ki and k2 are the modification factors for estimating the ky that is the

bond reduction coefficient.
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Design Approach
Bond reduction Coefficient, ,, kyk,L, i (inS1 units)
Ky =+ <0.75 in Sl units
" 11900¢p,
. 23,300 . ,
Active bond length, L, Le=rm——— (in Sl units)
(ntyE; )58
(Khalifa et al, 1998)
Where,
k, = Modification factor applied to k,, to account for
concrete strength m
k, = Modification factor applied to k, to account -

for wrapping scheme “-l
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Design Approach

Modification factors k, & k,
2

‘v' 3
e (ﬁ)

dl‘v =L,
dpy
dy, - 21,

———,  for2 - side bonded
dpy

Total Shear Reinforcement ‘ o b

Vi +V; <066 b,d b
(in Sl units)
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for u = wraps
kZ = ;

And this is the expression for Le that is the active bond length, so by estimating the ki, ko
and L. we can find out the xy that is the bond reduction coefficient and once we calculate
the bond reduction coefficient, we can find out the contribution of the FRP in shear

strengthening.

So, the total shear reinforcement can be estimated as Vs+V < 0.66V(f<) bwd, Vs is the

contribution of the steel stirrups and Vs is the contribution from the FRP.

So, by knowing the contribution of the steel stirrups by estimating the contribution of the
FRP and also the contribution of the concrete we can find out the total shear capacity of



the FRP strengthened member. So, that should be more than the required shear strength

and if it is more than the required shear strength then the system is safe.

So, this is the design approach here for the 3 sided wrap or for the 2 sided wrap mainly
the failure mode is due to debonding and that is why it has been considered a debonding,
bond reduction coefficient has been developed, which considers the modification factors
for concrete strength and the wrapping scheme as well as the active bond length.

And for all 4 sides wrapping it has been seen that the failure is due to mostly by FRP
rupture. So, a limiting value for the strain has been considered for the 4 sided wrapped
members. So, we have to calculate the total shear contribution of the steel stirrups, the
total shear contribution of the FRP system and the total shear contribution from the
concrete and that should be more than the strength, shear strength requirement, if it is so

then the design can be considered as safe.

(Refer Slide Time: 20:17)

Notations

f! = Specified compressive strength of concrete, (MPa)

b,, = Web width or diameter of circular section, (mm)

d = Distance from extreme compression fiber to centroid of steel reinforcement, (mm)
V; = Nominal shear strength provided by steel stirrups, (N)

Vr = Nominal shear strength provided by FRP stirrups, (N)

AL
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So, these are the notations as we have discussed f. to the specified compressive strength
of concrete, bw is the width or diameter of the circular section, d is the distance from
extreme compression fiber to centroid of steel reinforcement, Vs is the nominal shear
strain provided by steel stirrups and Vs is the nominal shear strain provided by the FRP

stirrups.

(Refer Slide Time: 20:42)



Summary

« Shear strengthening of structural members using FRP composites

0
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So, to summarize we have discussed today the design approach for shear strengthening of
structural members using FRP composites, the 2 different types of failure modes have
been considered depending on the wrapping scheme there may be different types of
wrapping scheme that is it could be all 4 sided wrapping or it could be 2 sided or it could
be 3 sided or the FRP could be placed continuously at the support or at the full length or

it could be placed intermittently.

And depending on the wrapping scheme the shear contribution of the FRP varies and the
total shear contribution by the concrete, by the steel stirrups and by the FRP governs the

total shear capacity of the FRP retrofitted member. Thank you.



